The positive-sense transcripts of Sindbis virus (SINV) resemble cellular mRNAs in that they possess a 5 cap and a 3 poly(A) tail. It is likely, therefore, that SINV RNAs must successfully overcome the cytoplasmic mRNA decay machinery of the cell in order to establish an efficient, productive infection. In this study, we have taken advantage of a temperature-sensitive polymerase to shut off viral transcription, and we demonstrate that SINV RNAs are subject to decay during a viral infection in both C6/36 (Aedes albopictus) and baby hamster kidney cells. Interestingly, in contrast to most cellular mRNAs, the decay of SINV RNAs was not initiated by poly(A) tail shortening in either cell line except when most of the 3 untranslated region (UTR) was deleted from the virus. This block in deadenylation of viral transcripts was recapitulated in vitro using C6/36 mosquito cell cytoplasmic extracts. Two distinct regions of the 319-base SINV 3 UTR, the repeat sequence elements and a U-rich domain, were shown to be responsible for mediating the repression of deadenylation of viral mRNAs. Through competition studies performed in parallel with UV cross-linking and functional assays, mosquito cell factors-including a 38-kDa protein-were implicated in the repression of deadenylation mediated by the SINV 3 UTR. This same 38-kDa protein was also implicated in mediating the repression of deadenylation by the 3 UTR of another alphavirus, Venezuelan equine encephalitis virus. In summary, these data provide clear evidence that SINV transcripts do indeed interface with the cellular mRNA decay machinery during an infection and that the virus has evolved a way to avoid the major deadenylation-dependent pathway of mRNA decay.
The Alphavirus genus of the Togaviridae family consists primarily of a group of viruses with single-stranded, positive-sense RNA genomes that are transmitted by arthropods and replicate exclusively within the cytoplasm of infected cells (45, 51) . Sindbis virus (SINV), the prototypic virus of the genus, encodes genomic and subgenomic RNAs that are capped on the 5Ј terminus, polyadenylated at the 3Ј end, and contain 5Ј and 3Ј untranslated regions (UTRs) similar to cellular mRNAs. The viral genomic RNA, in fact, functions as an mRNA immediately upon infection. This strategy of mimicking cellular mRNAs has potential advantages and disadvantages for the virus. While this strategy allows viral RNAs to be effectively translated, viral transcripts may also be fully subject to the activity of the mRNA decay machinery within the cytoplasm of the host cell. Aspects of this anticipated interplay between SINV transcripts and cellular mRNA decay enzymes were investigated in this study.
The regulation of mRNA decay plays a major role in gene expression within eukaryotic cells. In some cases, more than 50% of the changes in gene expression when cells are stimulated or forced to adapt to nutrient changes are, in fact, due to this posttranscriptional regulatory process (6, 7, 21, 32) . Furthermore, the RNA turnover machinery also plays a very active role in the quality control of gene expression through processes like nonsense-mediated mRNA decay (5) . The predominant mRNA decay pathway in eukaryotes initiates with shortening of the poly(A) tail. This deadenylation process is considered to be a major, rate-limiting step of mRNA turnover (8, 10, 11, 55, 60) . Numerous deadenylase enzymes have been identified, the major characterized ones being the CCR4/CAF1 complex, PAN2/3, and poly(A) RNase (PARN) (31, 47, 54, 60) . Following shortening of the poly(A) tail, the deadenylated mRNA is then subject to one of two exonucleolytic processes resulting in the highly processive degradation of the transcript (13, 22) . In one pathway, the 5Ј cap structure can be removed via the decapping proteins DCP1/DCP2, leaving the mRNA open to attack by the 5Ј-to-3Ј exoribonuclease XRN1 (48) . Alternatively, removal of the poly(A) tail makes the mRNA vulnerable to 3Ј-5Ј exonucleolytic decay by a large complex of proteins called the exosome (27) . Alternative pathways also exist in which mRNA decay can occur by deadenylation-independent decay or endonucleolytic cleavage, including the targeting of transcripts for decay by small interfering RNAs and microRNAs (14, 41, 44) .
We have previously described an in vitro assay using cytoplasmic extracts from HeLa cells that faithfully reproduces many aspects of regulated mRNA decay (19) . Recently, we have extended this in vitro technology to cytoplasmic extracts from Aedes albopictus C6/36 cells with similar success (42, 49) . Establishment of an in vitro mRNA decay system in cytoplasmic extracts from mosquito cells, a vector host of many viruses, including alphaviruses such as SINV, affords us a valuable assay to address mechanistic questions regarding the interaction between SINV RNAs and key mRNA decay enzymes.
Since alphavirus RNAs resemble cellular mRNAs in that they have a cap and a poly(A) tail, upon infection SINV transcripts should be confronted by this very efficient cellular mRNA decay machinery within the cytoplasm. It is very likely that SINV and other RNA viruses have adapted ways to protect their polyadenylated transcripts from rapid degradation by these enzymes and pathways. Such protective features may include the presence of mRNA stabilizer elements (10) , strong RNA structures (18, 40) , and perhaps novel messenger ribonucleoprotein constituents (25) . To date, relatively little is known about the interactions between RNA viruses and the cellular mRNA turnover machinery; we wished to investigate the potential influence of this process on SINV RNAs in host cells.
In this study we first took advantage of a temperature-sensitive mutation in the viral RNA polymerase to establish an approach which would allow us to selectively measure the rate of decay of SINV RNAs in mosquito and baby hamster kidney (BHK) cells. Interestingly, SINV RNAs have evolved a method to block deadenylation of their RNAs via sequence elements in the 3Ј UTR, allowing them to circumvent the major pathway of cellular mRNA decay as well as maintain the polyadenylated status of their transcripts for efficient translation. This block in deadenylation was reproduced in vitro using cytoplasmic extracts from mosquito cells, and this system was exploited to gain mechanistic insights into the repression of deadenylation by SINV. A combination of elements located in the viral 3Ј UTR was found to contribute to the repression of deadenylation, including the conserved pattern of repeat sequence elements (RSEs) which to date have no known function. Interestingly, the 3Ј UTR from Venezuelan equine encephalitis virus (VEEV) also blocked poly(A) shortening in vitro. Finally, evidence for a trans-acting cellular factor that contributes to the repression of deadenylation was obtained. Collectively, these data represent clear evidence that SINV RNAs have adapted ways to thwart a major and often rate-limiting aspect of the mRNA decay machinery.
MATERIALS AND METHODS
Cell lines. BHK-21 cells and African green monkey cells (Vero) were grown at 37°C in 5% CO 2 in HyQ minimal essential medium-Earle's balanced salt solution (HyClone) supplemented with 10% heat-inactivated fetal bovine serum, nonessential amino acids, L-glutamine, and penicillin/streptomycin. Adherent A. albopictus (C6/36) cells were obtained from the ATCC and grown in the same medium described above at 28°C in 5% CO 2 and were used for all experiments involving viral infections. C6/36 suspension cells were obtained from Jon Carlson and Erica Suchman (Colorado State University) and grown in SF900 II medium (Gibco) supplemented with penicillin/streptomycin in spinner flasks at room temperature (52) . These suspension cells were used to make extracts for use in our cell-free deadenylation assays.
Cell extracts. C6/36 cytoplasmic S100 extracts were prepared as described previously (42, 49) with several modifications. Briefly, cells were collected by centrifugation and washed in ice-cold phosphate-buffered saline. The washed cells were suspended in three packed cell volumes of buffer A (10 mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 1 mM dithiothreitol [DTT] ) and allowed to swell on ice for 10 min. Following a brief centrifugation, the swollen cells were resuspended in 1 volume of buffer A and lysed by Dounce homogenization. The lysate was centrifuged at 2,000 ϫ g to remove nuclei, and the supernatant was transferred to a fresh tube. The salt concentration was adjusted by the addition of 0.11 volumes of buffer B (300 mM HEPES, pH 7.9, 30 mM MgCl 2 , 1.4 mM KCl, 1 mM DTT), and the lysate was centrifuged at 100,000 ϫ g for 1 h. Glycerol was added to the supernatant to a final concentration of 20%, and aliquots were stored at Ϫ80°C. The S100 extracts are stable at this temperature for several months.
Virus stocks. An AR339 SINV cDNA clone (pToto1101/ts6) (4) was kindly provided by Margaret Macdonald (Rockefeller University, NY). The viral cDNA clone was linearized with XhoI and used as a template for in vitro transcription. A SINV clone containing all of its 3Ј UTR deleted except for the conserved sequence element (CSE) region was generated as follows: pToto1101/ts6 was cut with NdeI and XhoI, and the resulting fragment was subcloned into pGem4. PCR with the primers SV ⌬ Jump L (5Ј-AGGCGTACGTCGAATTGTCAGC AGATT-3Ј) and SV ⌬ Jump R (5Ј-CCCTCGAGGAATTCCCTTTTTTTTTTT TTTTTTTTTTTTTTTTTTTTTTTTTTGAAATGTTAAAAACAAAATTCAT CTTCGTGTGCTAGTCAGC-3Ј) was used to jump from the CSE of the 3Ј UTR directly to the 3Ј end of the structural open reading frame, excluding the 3Ј UTR, leaving the insert flanked with a BsiWI at the 5Ј end and XhoI at the 3Ј end. The original pToto1101 was cut with BsiWI and XhoI to excise the wild-type sequence containing the 3Ј UTR, and this sequence was replaced by ligation of the gel-purified PCR product. The resulting pToto1101/ts/6/⌬3Ј UTR plasmid was linearized and transcribed as described above for pToto1106/ts6. SINV stocks were produced by electroporation of transcription products into BHK-21 cells using a BTX EMC 630 apparatus (2 pulses at 400 LV, 800⍀, and 25 F). Virus present in the medium 24 to 48 h later was harvested and amplified by one passage on BHK-21 cells. Amplified virus was collected 24 to 48 h postinfection, and plaque assays were performed on Vero cells to determine titers.
Preparation of RNA substrates, RNA probes, and competitor RNAs. Internally labeled substrate and probe RNAs were prepared by in vitro transcription from linearized plasmid DNA templates and gel purified as previously described (57) . Unlabeled competitor RNAs were generated using a MEGAscript High Yield Transcription kit (Ambion) according to the manufacturer's recommendations.
The deadenylated marker for the polylinker-derived reporter RNA was transcribed using SP6 from the pGem-4 plasmid (Promega) linearized with HindIII. To generate a matched reporter RNA containing a PAT, we inserted a 60-base adenylate (A60) stretch followed immediately by an NsiI restriction site downstream of the HindIII site of pGem-4 to create the plasmid pGem-A60. Cleavage of the plasmid with NsiI and transcription using SP6 RNA polymerase generates a reporter RNA that contains a 60-base adenylate tract precisely at its 3Ј end.
A template for generating the SINV-3Ј UTR-A60 RNA was obtained by inserting a 319-nucleotide (nt) fragment representing the SINV 3Ј UTR between the EcoRI and PstI sites of pGem-A60. This placed the insert within 12 bases of the PAT. The insert was generated by PCR from a DNA clone containing the entire MRE16 SINV genome (accession number U90536) obtained from Carol Blair (Colorado State University) using the primers 5Ј CGGAATTCCCGCTA CGCCCCAATGACCCG and 5Ј GAAATATTAAAAACAAAATTACTGCAG TTT. Cleavage of the plasmid with NsiI generated a template to create SINV-3Ј UTR-A60 RNA that contained a PAT. The SINV 3Ј UTR was divided into three segments using a PCR or direct oligonucleotide cloning approach and cloned into the EcoRI and PstI sites of the pGem-A60 vector. pSINV-RSE contains the region from the start of the 3Ј UTR through 60 bases from the 3Ј end. pSINV-URE contains the U-rich region represented by the oligonucleotides 5Ј-AATT CTCATAATCAATGTATTATTGTCTTGTATTGTATTCACATACTGCA and 5Ј-GTATGTGAATACAATACAAGACAATAATACATTGATTATGAG. pSINV-CSE contains the 3Ј terminal 19 bases of the SINV 3Ј UTR.
To generate a plasmid expressing a polyadenylated version of the 3Ј UTR of VEEV, the 3Ј noncoding region was isolated by PCR using the primers 5Ј-GG CGAATTCTTGAATCAGCAGCAATTGGC and 5Ј-GGCCTGCAGGAAAT ATTAAAAACAAAATCC (in collaboration with Richard Kinney of the CDC). The PCR product was inserted into the EcoRI-PstI sites of pGEM-A60 vector. Transcription using SP6 of NsiI-linearized templates yielded VEEV 3Ј UTR-A60 RNA.
A number of studies were performed using an isolated SINV RSE along with a series of mutant derivatives. Templates to generate the SINV-RSE3 sequence were obtained by annealing two DNA oligomers, 5Ј AAAACTCAATGTATTT CTGAGGAAGCGTGGTGCAGAATGCCACGC and 5Ј-GCGTGGCATTAT GCACCACGCTTCCTCAGAAATACATTGAGTTTT, and inserting the fragment into the EcoRI-PstI sites of pGemA60. The four RSE3 mutants were constructed in a similar fashion using the following oligonucleotides (mutated bases are underlined): m5,7, 5Ј AAAAGTGAATGTATTTCTGAGGAAGCG TGGTGCAGAATGCCACGC and 5Ј-GCGTGGCATTATGCACCACGCTTC CTCAGAAATACATTCACTTTT; m9-16, 5Ј AAAACTCATACATAAACTG AGGAAGCGTGGTGCAGAATGCCACGC and 5Ј-GCGTGGCATTATGCA CCACGCTTCCTCAGTTTATGTATGAGTTTT; m19,21, 5Ј AAAACTCAAT GTATTTCTCACGAAGCGTGGTGCAGAATGCCACGC and 5Ј-GCGTGG VOL. 82, 2008 SINV 3Ј UTR REPRESSES DEADENYLATION 881
CATTATGCACCACGCTTCGTGAGAAATACATTGAGTTTT; and m32-38, 5Ј AAAACTCAATGTATTTCTGAGGAAGCGTGGTCGTATTAGCCACGC and 5Ј-GCGTGGCTAATACGACCACGCTTCCTCAGAAATACATTGAGT TTT.
To generate a probe to detect SINV RNAs in RNase protection assays, the primers 5Ј-ATAGGATCCCCGTGACGACCCGGTATGAGGTAGA and 5Ј-C ATAAGCTTTTTGAGAAGCCAGCCCGTTGCG were used to amplify a DNA fragment that spanned the genomic/subgenomic junction of SINV (bases 7471 to 7760 [accession number NC001547]). The probe was designed to overlap the junction so that it would be capable of discerning both genomic and subgenomic RNAs based on the size of the fragment protected from RNase digestion. PCR products were cloned into the BamHI-Hind III sites of pGem-4. Plasmids were linearized with BsrGI and transcribed using T7 RNA polymerase. To generate a probe for detecting the ribosomal protein S5 (RPS5) mRNA in RNase protection assays (RPAs), the primers 5Ј-ATTACATCGCCGTCAA GGAG and 5Ј-TCTTGATGGCGTACGAGTTG were used to amplify cDNA obtained from C6/36 cells and inserted into the pGemT-easy vector. Plasmid DNA was cut with NcoI and transcribed using SP6 RNA polymerase to generate an RPS5-specific probe. To generate a probe for detecting the 5S rRNA in RPAs, the primers 5Ј-TCTCGTCTGATCTCGGAAGC and 5Ј-AACCAGCCA AAAAGCCTACA were used to amplify cDNA obtained from BHK-21 cells and inserted into the pGemT-easy vector. Plasmid DNA was cut with NcoI and transcribed using SP6 RNA polymerase to generate a 5S RNA-specific probe.
Probes to detect transcripts from the wild-type SINV ts6 strain in RNase/ Northern experiments were derived from the 3Ј UTR of SINV by PCR amplification of an infectious DNA clone of TR339 (kindly provided by Ken Olson, Colorado State University) using the primers 5Ј-CCGAATTCCCGCTACGCC CCCAATGATCC and 5Ј-AAACTGCAGGAAATGTTAAAAACAAAATTT. Reaction products were cloned into pGem-4. Linearization of this plasmid with EcoRI and transcription by T7 RNA polymerase generated a probe complementary to the 3Ј UTR of the virus. Probes to detect transcripts generated by the ⌬3Ј UTR SINV were constructed by inserting an SalI-EcoRI fragment from the pToto1101/ts6/⌬3Ј UTR clone described above into pGem-4. Linearization with HindIII and transcription using SP6 RNA polymerase generated the desired riboprobe.
In vivo viral RNA decay assay. To measure the in vivo half-lives of SINV RNAs, confluent C6/36 mosquito adherent cell monolayers or BHK cells were infected at a multiplicity of infection of 5 in complete growth medium. Following 1 h of incubation at 28°C, the inoculum was removed, fresh complete medium was added, and the cells were incubated at 28°C for 10 h. The cells were then shifted to the nonpermissive temperature (40°C), and total RNA was extracted using the Trizol method (Invitrogen) at various time points following the shift. The quantity and identity of viral RNA in each time point were assayed by an RPA using the SINV subgenomic junction RNA probe described above. RPS5 mRNA (for C6/36 cells) and 5S rRNA (for BHK cells) were routinely detected using the riboprobes described above as loading controls to ensure the validity of all quantitation. The protected RNAs were resolved on a 5% polyacrylamide gel containing 7 M urea and visualized using a Bio-Rad Molecular Imager FX. RNA quantification was determined using Bio-Rad Quantity One software. The halflives shown are averages of two separate viral preparations and six independent assays.
Analysis of in vivo poly(A) tail lengths. For RNase H/Northern assays, total RNA samples from infected-cell time courses described above were hybridized to a DNA oligonucleotide (5Ј-TAGTGTTGCTATATTGCCCGC) designed to anneal to the region of the SINV 3Ј UTR between RSE1 and RSE2 and treated with RNase H. This step was performed to reduce the size of SINV RNAs that would be detected by Northern blotting so that the length of the poly(A) tail could be readily discerned on a polyacrylamide gel. Additional reactions also included oligo(dT) to generate a marker for fully deadenylated viral RNAs. The size of the poly(A) tail of the mRNA could then be determined by comparison of the bands detected to the position of this fully deadenylated marker. Reaction products were separated on a 5% denaturing polyacrylamide gel, electroblotted to a Hybond-XL (GE Healthcare) membrane, and probed with the SINVspecific probes outlined above. Following several washes, results were analyzed by phosphorimaging (62) .
Linker ligation-mediated poly(A) tail (LLM-PAT) assays assess poly(A) tail length via the ligation of a linker to the 3Ј end of all mRNAs, followed by PCR amplification using a virus-specific upstream primer. RNA collected during the half-life time course described above (following temperature shift) was ligated to 5Ј pppRNA linker (5Ј-rApppTTTAACCGCGAATTCCAG/3ddC, where r is ribonucleotide; Integrated DNA Technologies Linker 3) at 16°C for 2 h in 50 mM Tris-Cl, pH 7.5, 10 mM MgCl 2 , 20 mM DTT, and 0.1 mg/ml bovine serum albumin. The ligated RNA was then reverse transcribed using a PAT reverse transcription primer specific to the RNA linker (5Ј-CTGGAATTCGCGGT). The resulting cDNA was then amplified by PCR using the PAT(dT) reverse transcription-PCR primer (5Ј-CTGGAATTCGCGGTTAAATTT) and a primer specific to the virus used: LLM-PAT ts6100bp, 5Ј-GGACGCCAAA AACTCAATGT; LLM-PAT ts6/⌬3ЈUTRmut100bp, 5Ј-GTTGGCTGTTTGC CCTTTTC. PCR products were separated on a 5% nondenaturing gel. Following electrophoresis, the gel was soaked in 1ϫ Tris-borate-EDTA buffer with Sybr Green I nucleic acid gel stain (Invitrogen) and visualized using a Typhoon Trio imager.
In vitro mRNA deadenylation assays. Deadenylation assays using C6/36 extracts were performed as described previously (42) with minor modifications. Briefly, a typical 27-l reaction mixture contained 100,000 cpm (5 to 40 fmoles) of internally labeled RNA, 2.4% polyvinyl alcohol, 17.5 mM phosphocreatine, 0.7 mM ATP, 25 ng/l poly(A) (Sigma), 20 units of RNase inhibitor, and 60% (vol/vol) C6/36 S100 cytoplasmic extract. Poly(A) RNA is added to these reactions to sequester poly(A) binding proteins and allow for efficient deadenylation to occur (42) . For competition experiments, reaction mixtures also contained the amounts of competitor RNA indicated in the figures. Reaction mixtures were incubated at 28°C for the indicated times. Reaction products were recovered by phenol-chloroform extraction and ethanol precipitation, separated on a 5% polyacrylamide gel containing 7 M urea, and visualized using a Bio-Rad Molecular Imager FX. Results were quantified by assessing the relative level of fully deadenylated RNA versus the total RNA in the sample using Quantity One software. All experiments were repeated at least three times with similar results.
UV cross-linking assays. UV cross-linking assays were performed as previously described (57) with some minor modifications. Cross-linking assays using C6/36 extracts were prepared as described above for deadenylation assays with the addition of 5 mM EDTA to block RNA decay and allow for accurate comparison between samples. Following a brief incubation at room temperature, proteins were cross-linked to the radiolabeled RNA substrates by 254-nm UV light (180 mJ) using a UV Stratalinker 2400 (Stratagene). Samples were treated with RNase A/RNase One (which cleaves 3Ј to all RNA bases) for 15 min at 37°C, and proteins cross-linked to short radioactive RNA oligomers were separated on 10% polyacrylamide gels containing sodium dodecyl sulfate (SDS) and visualized by phosphorimaging.
RESULTS

SINV RNAs have measurable decay rates.
A quantitative assessment of the half-lives of SINV RNAs within an infected cell has not been performed to date. The best way to assess the relative stability of a specific transcript is to selectively target and inhibit its synthesis, thereby minimizing off-target effects (59) . Therefore, to determine if SINV RNAs are degraded by the host-cell mRNA decay machinery during infection, we developed an in vivo assay using the SINV ts6 strain that contains a temperature-sensitive mutation in the RNA-dependent RNA polymerase (4) . Viral RNA synthesis is effectively shut off in the SINV ts6 strain when cells are shifted to 40°C (4). C6/36 mosquito cells were infected with this temperaturesensitive virus, and replication was allowed to progress for 10 h to select for a time during acute infection when viral subgenomic RNA synthesis is robust (30, 33) . After 10 h, cells were shifted to the nonpermissive temperature (40°C) to selectively turn off viral transcription, and RNA was isolated over a time course and analyzed using an RPA. As seen in Fig. 1A and B, although viral genomic and subgenomic transcripts had vastly different decay rates, both were measurable. The genomic RNA was very stable, with a half-life of greater than 10 h. This observation was expected as a significant percentage of genomic RNA is likely to be packaged (51) and therefore resistant to decay. However, the subgenomic RNA of SINV, which is free in the cytoplasm while interacting with cytoplasmic translation (and perhaps other) machineries, was only moderately stable, with a half-life of 3.9 Ϯ 0.6 h. Similar data were obtained for independent virus preparations and infec-tions, and in all experiments, mRNA for the RPS5 was probed for as a loading control to ensure accurate quantitation. While not as stable as a mosquito mRNA for a housekeeping gene (e.g., RPL31), SINV subgenomic RNA was more stable than the average class of A. albopictus mRNAs (La, STAT, and AchE) with intermediate half-lives of 2.5 to 4.5 h, and vastly more stable than the cellular mRNAs Usp, Ecr1, and IAP1 (half-lives of Յ1 h) which we previously reported using C6/36 cells (42) . As seen in Fig. 1C and D, similar data were obtained for the stability of viral transcripts when infections were performed in BHK cells, suggesting that our initial observations made in insect cells could be generalized to mammalian cells. Finally, it should be noted that the graphs in Fig. 1B and D were plotted with a second-order polynomial trend line. Although we attempted to fit the data to a linear curve, the correlation coefficients associated with the polynomial trend line better represented the data. These data therefore suggest potential biphasic decay kinetics for viral transcripts. This may be reflective of the innate mechanism of viral mRNA decay inside cells, multiple populations of viral RNAs, and/or changes in the cellular mRNA decay machinery over time as a consequence of viral infection or temperature shift.
In summary, we conclude that SINV RNAs are in fact recognized by the mRNA decay machinery during infection. Furthermore, these data suggest that SINV transcripts, although susceptible to mRNA decay, appear to have evolved a means of slowing the process, directing us to look more closely at the mechanism involved. SINV RNAs decay in a deadenylation-independent manner. In every eukaryotic organism where mRNA decay has been assessed (including insects), cellular mRNAs decay in a predominantly deadenylation-dependent fashion (22, 42) . Furthermore, the deadenylation step appears to be rate-limiting in the decay of most cellular mRNAs (60) . For this reason, we first wanted to determine if SINV RNAs were substrates for the major cellular mRNA degradation pathway and were therefore deadenylated prior to decay. In order to detect changes in the length of the viral poly(A) tail during mRNA decay, total RNA samples collected from the in vivo approach described in the legend of Fig. 1 were hybridized to a SINV 3Ј UTR-specific DNA oligonucleotide and treated with RNase H to cleave SINV transcripts into two pieces. This treatment reduced the size of the viral transcript that would be detected by Northern blotting to ϳ200 nt in order to improve resolution of poly(A) tail size. Using similar analyses, it is well established that cellular mRNAs undergo deadenylation prior to decay (8, 23, 29, 34, 38, 43, 55, 58, 60) . Surprisingly, the poly(A) tail of SINV transcripts did not appreciably shorten as the viral RNA was degraded over the time course in either C6/36 mosquito cells ( Fig. 2A, left panel) or BHK cells (Fig. 2B , wild-type virus). In order to directly assess whether the 3Ј UTR played a role in repressing deadenylation in tissue culture cells, we constructed a SINV mutant virus in which the entire 3Ј UTR except for the CSE was deleted (outlined in Fig. 2A ). As seen in the right panels of Fig. 2A and B, this deletion in the 3Ј UTR of SINV allowed deadenylation of viral transcripts in both BHK and C6/36 cells. We analyzed poly(A) length by a sensitive, yet more qualitative PCR-based LLM-PAT assay for infections with the ⌬3Ј UTR SINV mutant in C6/36 cells due to the fact that this viral mutant grows very poorly in mosquito FIG. 2. SINV RNAs decay in a deadenylation-independent fashion due to the presence of the 3Ј UTR. (A) Diagrammatic representation of the 3Ј UTR of the wild-type (WT) and ⌬3Ј UTR viruses (SV) used in these studies (top). C6/36 mosquito cells were infected with an SINV variant containing a temperature-sensitive mutation in its RNA polymerase gene and an intact 3Ј UTR (left panel). At 10 h postinfection, cells were shifted to 40°C to shut off viral transcription, and total RNA samples were isolated at the indicated times. RNAs were hybridized to a DNA oligonucleotide designed to bind to the region of the SINV 3Ј UTR and treated with RNase H. Samples for the lane marked Oligo(dT) were also hybridized to oligo(dT) prior to RNase H treatment to generate a marker for fully deadenylated viral mRNAs. Reaction products were separated on a 5% polyacrylamide gel, electroblotted to Hybond-XL membranes, and probed with SINV-specific probes. Results were visualized by phosphorimaging. The PAT length of viral-specific transcripts in RNA samples from C6/36 infections by a SINV ts6 strain containing either a wild-type 3Ј UTR (left) or with a deleted 3Ј UTR as outlined in the diagram (⌬3ЈUTR Sindbis) prepared as described above was determined by a PCR-based LLM-PAT approach, and products were analyzed by agarose gel electrophoresis (right panel). RNAs were hybridized to oligo(dT) (lanes dT) and digested with RNase H prior to LLM-PAT analysis. The Uninf lane shows the products of an LLM-PAT assay done on total RNA from uninfected C6/36 cells using the primer set to detect SINV transcripts with a wild-type 3Ј UTR. In the data derived from the LLM-PAT assay, note that a nonspecific band of around 140 bases is detected in RNA samples from both infected and uninfected cells using the probe set to detect viral RNAs with a wild-type 3Ј UTR. Also note that due to significant differences in the magnitude of replication of ⌬3Ј UTR mutant virus relative to wild type, we have encountered difficulties in detecting viral transcripts from ⌬3Ј UTR infections in a quantitative fashion. Therefore, we have only analyzed the mutant accurately for qualitative changes in poly(A) tail length. The apparent higher stability of ⌬3Ј UTR transcripts that one might infer from Fig. 2 is due to loading differences rather than true quantitative distinctions. These data highlight the dramatic effect that the ⌬3Ј UTR mutation is having on overall viral RNA expression. In summary, we conclude that the decay of SINV transcripts does not appear to occur via the predominant, deadenylation-dependent mRNA decay pathway in the cell and is likely proceeding via an alternative pathway. These observations suggest that SINV RNAs may possess a specific mechanism for inhibiting their deadenylation. In addition to influencing mRNA stability, maintenance of the poly(A) tail on viral mRNAs likely also ensures their efficient translation through the poly(A) binding protein-mediated recruitment of initiation factors.
The 3 UTR of SINV represses deadenylation in vitro.
The majority of mRNA stability elements described to date are located within the 3Ј UTR (28) . The SINV 3Ј UTR, specifically the 19-nt CSE at the extreme 3Ј end of the RNA, is absolutely required for viral replication (24, 33, 35) . Given the additional possible roles of the 3Ј UTR in translation and localization of SINV RNAs, any detailed in vivo analysis of the role of the 3Ј UTR during an infection would be difficult to interpret. Therefore, we chose to analyze the role of the SINV 3Ј UTR in mRNA decay using an in vitro assay which allows us to evaluate the effects of mutations on deadenylation without the involvement of other 3Ј UTR functions. We have previously reported an in vitro RNA deadenylation/decay assay using cytoplasmic extracts from C6/36 cells that reproduces many aspects of mRNA stability observed in vivo (42) .
We inserted the SINV 3Ј UTR into a reporter RNA derived from the polylinker region of a derivative of the pGEM-4 plasmid that contained an encoded 60-base poly(A) tail so that the SINV 3Ј UTR was positioned proximal to the poly(A) tail. Reporter transcripts, with and without the SINV 3Ј UTR, were incubated with C6/36 cytoplasmic extracts in our in vitro RNA deadenylation system. As seen in Fig. 3 , while the mosquito cell extracts rapidly deadenylated the reporter transcript, the RNA containing the SINV 3Ј UTR was deadenylated only very slowly. Although the Gem-4 polylinker-derived reporter RNA used in this experiment is significantly smaller than the SINV 3Ј UTR RNA, comparable rapid deadenylation kinetics were observed with control reporter RNAs derived from cellular mRNAs (data not shown). Consistent with reported observations of deadenylase activity, poly(A) shortening in these assays results in a short oligoadenylate tail on the RNA substrate (22) . Whereas fully deadenylated products from the control reporter RNA were observed in as little as 2 min, the maximal amount of deadenylation that we observed on the SINV 3Ј UTR RNA was limited to 15 to 30 bases during the extent of the time course. From these data, we conclude that our in vitro system is capable of reproducing the repression of deadenylation that was observed in cells and that the 3Ј UTR sequence of the genomic and subgenomic RNAs was indeed responsible for the observed repression. Furthermore, these observations also provide us with a convenient and powerful assay to assess the specific effects of 3Ј UTR mutations specifically on the deadenylation process.
Multiple elements of the SINV 3 UTR contribute to the repression of deadenylation. As a first step toward dissecting the element(s) responsible for the repression of deadenylation that we observed with the SINV 3Ј UTR, we divided the region into several sections. The 5Ј segment (SINV-RSE) contained the three RSEs of SINV. RSEs are found in the 3Ј UTRs of all alphaviruses, but their function in viral biology is not yet understood (51). The 3Ј segment contained a U-rich region (SINV-URE) as well as the 19-nt conserved sequence element (SINV-CSE). The CSE is known to be absolutely required for efficient replication of the virus (33, 35) . All SINV fragments were inserted between the EcoRI and PstI sites of the pGem4 reporter plasmid. These RNAs, which are outlined in Fig. 4A , were incubated in our in vitro C6/36 RNA deadenylation assay, and the relative rates of poly(A) tail shortening were analyzed. As seen in Fig. 4B , the SINV-RSE RNA showed a slow, distributive-like deadenylation pattern similar to that observed with the full 3Ј UTR. Interestingly, SINV-URE RNA, which contained only the U-rich region, also was substantially more stable than the reporter RNA. The presence of the SINV-CSE had no substantial effect on deadenylation efficiency. From these data, we conclude that both the RSE and U-rich segments of the 3Ј UTR play a major role in slowing the kinetics of deadenylation and likely contribute to the repression of deadenylation observed in vivo. Such a combinatorial arrange- 3Ј UTR) , the 5Ј portion of the UTR that contains the RSEs (SV-RSEs), the U-rich region (SV-URE), or the CSE region (SV-CSE) were incubated in an in vitro RNA deadenylation/decay system derived from C6/36 S100 cytoplasmic extracts for the indicated times. Reaction products were analyzed on a 5% polyacrylamide gel containing 7 M urea and visualized by phosphorimaging. The lanes marked A 0 contain fully deadenylated versions of the input transcript. The graph at right represents the data shown in panel B. Similar data were obtained from multiple independent replicates.
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GARNEAU ET AL. J. VIROL. ment of regulatory elements is not surprising, given the wide host range of the virus and considering that many regions of the 3Ј UTR act in concert to regulate the stability of cellular transcripts (50, 53) . The SINV RSE is a regulator of deadenylation efficiency. The evidence shown in Fig. 4 that a region containing the SINV RSEs blocks the apparent processivity of poly(A) tail shortening on viral RNA substrates represents a potential biological function for this conserved 3Ј UTR element. In order to further investigate a potential role for the SINV RSE in the repression of deadenylation, we isolated the nucleotide sequence comprising the third RSE (Fig. 5A) , inserted it into the polyadenylated reporter RNA backbone, and assessed deadenylation patterns in our in vitro assay. As seen in Fig. 5B , this isolated single RSE significantly slowed deadenylation rates compared to the parent reporter RNA. To demonstrate that the repression of deadenylation rates observed was specific for the RSE sequence, we created a set of four constructs containing specific mutations within the RSE. As seen in Fig. 5C , while RSE variants m19,21 and m32-38 were deadenylated in the slow, distributive pattern seen with the wild-type RSE3 RNA, both m5,7 and m9-16 RSE3 variants lost the ability to inhibit deadenylation. From these data we conclude that the SINV RSE influences the efficiency of deadenylation on RNAs and that sequences in the 5Ј half of the RSE appear to be necessary for the observed repression. While these data failed to implicate an RSE structure predicted by Mfold (Rensselaer Polytechnic Institute) in the regulation of deadenylation (data not shown), the potential contribution of secondary and higherorder RNA structures to the repression of deadenylation still remains to be fully determined.
The 3 UTR of SINV requires a trans-factor to inhibit deadenylation. Regulation of many posttranscriptional processes is often mediated by trans-acting proteins. Having explored the contribution of viral sequences in regulating deadenylation, we next wanted to determine if host proteins were contributing to this process through their interaction with the 3Ј UTR of SINV RNAs. To do this, we added a 50-fold molar excess of either a nonspecific competitor RNA derived from the pGem4 polylinker sequence or a specific SINV 3Ј UTR-derived competitor RNA to our in vitro deadenylation assays. In this manner, we could assess the effect of each competitor on the deadenylation of a radiolabeled polyadenylated RNA containing the full 3Ј UTR of SINV. As seen in Fig. 6A and B, the addition of a nonspecific competitor did not substantially alter the slow, distributive-like deadenylation pattern of the SINV 3Ј UTR-A60 RNA. The addition of a SINV 3Ј UTR specific competitor, however, increased deadenylation efficiency over 10-fold. This SINV 3Ј UTR competitor RNA had no effect on the deadenylation efficiency of a reporter construct that lacked viral 3Ј UTR sequences (data not shown). These data clearly suggest that a titratable trans-factor(s) derived from the host cell is required for the SINV 3Ј UTR to effectively evade the cellular deadenylation apparatus. In order to begin identifying candidate protein(s) contributing to the evasion of deadenylation by the viral 3Ј UTR in our C6/36 cell extracts, we used a competitor titration approach in conjunction with both functional deadenylation and UV crosslinking assays. This approach allowed us to associate the competition of specific cross-linked proteins with activation of deadenylation by the competitor RNA. As seen in Fig. 7A , there was no effect on either the pattern of deadenylation (top panel) or the proteins that cross-linked to the SINV 3Ј UTR (bottom panel) in the presence of increasing amounts of a nonspecific, pGem4-derived competitor RNA. In contrast, when increasing amounts of a SINV 3Ј UTR-specific competitor RNA was added, deadenylation of the SINV 3Ј UTR-A60 RNA was partially activated by a 12.5-to 25-fold molar excess of competitor RNA and fully activated at a 50-to 100-fold excess (Fig. 7B, top panel) . Interestingly, the competition of a 38-kDa cellular protein paralleled the level of specific competitor RNA required for activation of deadenylation of the SINV 3Ј UTR-A60 RNA (Fig. 7B, bottom panel) . In addition, as the 38-kDa protein was competed from the radiolabeled RNA, a 32-kDa protein was observed to assemble on the 3Ј UTR. Neither competitor RNA affected the deadenylation efficiency or pattern of cross-linked proteins on a reporter RNA that lacked the SINV 3Ј UTR sequence (data not shown). Collectively, these data provide mechanistic insights into the repression of deadenylation by the SINV 3Ј UTR and suggest that the binding of the cellular 38-kDa protein to the SINV 3Ј UTR is associated with a block of deadenylation whereas the interaction of the 32-kDa protein may function to promote deadenylation. The 3 UTR of VEEV also represses deadenylation and competes with the 3 UTR of SINV for a common trans-acting factor. In order to generalize our observations to other members of the alphavirus family, we tested whether the 3Ј UTR of VEEV was also capable of protecting transcripts from deadenylation. Like SINV, the 3Ј UTR of VEEV contains a repeated RSE element. However, the RSEs of VEEV contain little sequence similarity to the SINV RSE (51) . As seen in Fig.  8A , the addition of the 3Ј UTR of VEEV into the Gem-4 reporter construct resulted in an effective block to deadenylation activity in our in vitro system, similar to that observed for the SINV 3Ј UTR. Furthermore, competition analyses demonstrated that a trans-acting factor was involved in mediating the repression of deadenylation by the VEEV 3Ј UTR. As seen in Fig. 8B , while the addition of a nonspecific competitor RNA had no effect on deadenylation of a VEEV 3Ј UTR-A60 RNA, the addition of the VEEV 3Ј UTR as a competitor resulted in very effective poly(A) shortening of the RNA substrate in extracts. UV cross-linking analysis demonstrated that a 38-kDa protein was specifically associated with the VEEV 3Ј UTR (Fig. 8C, left panel) . Thus, it is likely that the same 38-kDa protein that interacts with the SINV 3Ј UTR is associated with deadenylation repression (Fig. 7) . Interestingly, the addition of VEEV competitor RNA effectively competes for this 38-kDa protein with a radiolabeled SINV 3Ј UTR substrate (Fig. 8C , right panel), further suggesting a mechanistic similarity between SINV and VEEV repression of deadenylation. Therefore, we conclude that the ability to repress deadenylation by the 3Ј UTR is conserved in a distinct member of the alphavirus family. In addition, binding and cross-competition analysis provide further evidence suggesting that a 38-kDa protein may play an important role in mediating the repression of deadenylation by alphavirus 3Ј UTRs.
DISCUSSION
This study outlines five key points that argue for a role for cellular mRNA decay enzymes in the SINV life cycle. First, SINV RNAs are clearly degraded with a measurable half-life during the course of an infection. Therefore, viral RNAs must interface with the cellular mRNA decay machinery during an infection. Second, the viral RNAs are refractory, particularly in cells, to deadenylation-the initial event in the major pathway of mRNA decay in the cell. This suggests that SINV has evolved a strategy to evade the major cellular decay enzymes, an adaptation that may significantly contribute to a productive infection. Third, a conserved feature of the alphavirus 3Ј UTR, the RSEs, is part of a combinatorial set of regions in the 3Ј UTR that mediates the repression of deadenylation. The conservation of this feature suggests that the ability to repress deadenylation could be a common feature of alphaviral 3Ј UTRs. Fourth, the interaction between the viral 3Ј UTR and a 38-kDa cellular protein is strongly associated with the observed block in deadenylation, suggesting a possible mechanism for the repression of poly(A) shortening which involves the usurping of cellular factors. Finally, the 3Ј UTR from VEEV also represses deadenylation and interacts with a 38-kDa cellular protein, suggesting that a common strategy for inhibiting poly(A) tail shortening may be conserved among alphaviruses. Collectively, these data suggest that the influence of cellular mRNA decay enzymes must be taken into account if one is to fully appreciate the molecular biology of SINV, and likely other, viral infections. Why would it be important for SINV to actively stabilize its transcripts, particularly the subgenomic mRNA that is so actively transcribed? The answer to this question likely involves the fact that levels of mRNAs are determined by both transcription and degradation rates. The fact that the subgenomic RNA is being transcribed throughout the infection is not sufficient to ensure its accumulation to physiological levels in the cell. Many cellular mRNAs are actively transcribed in the cell but accumulate only under specific conditions due to the fact that they are very actively degraded in a regulated manner (22) . Therefore, effective accumulation of viral transcripts requires that they possess a means to avoid rapid degradation by the cellular mRNA decay machinery. In addition, maintenance of a poly(A) tail is also necessary to ensure efficient translation of viral mRNAs.
Our ability to readily assess SINV mRNA decay revolved around two technologies, the use of a temperature-sensitive viral polymerase variant in vivo and the application of a cellfree in vitro system. Both of these experimental approaches are likely readily applicable to other viruses. Temperature-sensitive RNA polymerases have been described for numerous viruses (see, e.g., references 15 and 16) and should be relatively easy to incorporate into recombinant constructs. This strategy allows one to specifically turn off viral RNA synthesis to allow the assessment of decay without any confounding secondary effects of drugs (26, 36) . Our in vitro mRNA system from C6/36 cells (42, 49) is an adaptation of technology that we have previously developed and extensively exploited in HeLa cells (19) and other eukaryotic systems (39, 56) to gain mechanistic insights into mRNA decay. Application of a combination of these approaches should provide a powerful tool to analyze the contribution of mRNA decay to viral infections.
In vivo and in vitro data clearly indicate that SINV RNAs have developed a means to maintain the integrity of their poly(A) tails and avoid deadenylation. This is particularly interesting because most mRNA decay initiates via this pathway (22) . In addition, transfected RNAs (which also are largely, if not exclusively, cytoplasmic) are also actively deadenylated (47) , further emphasizing the unique stability of SINV mRNAs. Despite being refractory to deadenylation, SINV RNAs are still clearly degraded (Fig. 1) . This implies the involvement of an alternative, deadenylation-independent pathway. There are several pathways of RNA decay in the cell that The Gem-4 reporter RNA or a derivative that contains the 3Ј UTR of VEEV was incubated in the in vitro C6/36 deadenylation system for the times indicated. Reaction products were analyzed on a 5% polyacrylamide gel containing 7 M urea and visualized by phosphorimaging. The marker lanes contain fully deadenylated versions of the input transcript. (B) Polyadenylated VEEV 3Ј UTR-A60 RNA was incubated in the in vitro deadenylation system derived from C6/36 S100 cytoplasmic extracts in the presence of a 32-fold molar excess of either a nonspecific competitor (ϩNS) derived from pGem-4 or a specific competitor RNA containing VEEV 3Ј UTR sequences (ϩVEE). Reaction products were analyzed on a 5% polyacrylamide gel containing 7 M urea and visualized by phosphorimaging. The marker lanes contain fully deadenylated versions of the input transcript. (C) Radiolabeled VEEV 3Ј UTR-A60 RNA or SINV 3Ј UTR-A60 RNA was incubated with C6/36 S100 cytoplasmic extracts in the in vitro deadenylation system in the absence (Ϫ) or presence (ϩ) of a 32-fold molar excess of an unlabeled VEEV 3ЈUTR competitor RNA. Reaction mixtures were irradiated with UV light and treated with RNase, and proteins cross-linked to radioactive RNA oligomers were separated on 10% polyacrylamide gels containing SDS. The positions of size markers are indicated on the left.
do not necessarily initiate with poly(A) tail shortening, including nonsense-mediated decay (1, 3), RNA interference (46) , and endonucleolytic decay (61) . An interesting question for future work will be to assess whether any of these known deadenylation-independent pathways, or perhaps a novel pathway, is responsible for the observed decay of viral mRNAs. Once the pathway(s) is identified, it may be possible to stimulate this pathway(s) of viral mRNA decay, creating a hostile environment for viral growth while having perhaps minimal effects on cellular gene expression.
Numerous deadenylase enzymes have been described in eukaryotic cells (22) , with CCR4, PAN2/3, and PARN among the major, most studied activities. One important question is whether the SINV 3Ј UTR is capable of repressing the action of all deadenylases on viral transcripts or if it targets only specific enzymes. Since the 5Ј cap-stimulated PARN enzyme (12, 20 , 37) appears to be the major deadenylase in C6/36 mosquito cell extracts (42) , our in vitro data would suggest that this enzyme is at least one target of the repressive effect of the 3Ј UTR. Future studies using a combination of RNA interference knock-downs and in vitro reconstitution analyses will be required to assess the influence of the SINV 3Ј UTR on the enzymatic activity of other deadenylases.
The results of our deletion analyses (Fig. 4) suggest that multiple regions of the 3Ј UTR influence the stability of SINV mRNAs. The mapping of a deadenylation repression element to RSE sequences provides the first biological function for this conserved feature of alphavirus 3Ј UTRs. The core element may be repeated in its natural context in order to amplify repression through the additive effects of individual copies as has been seen in tethering experiments (2) . Combinatorial arrangements of mRNA stability elements have also been identified in cellular mRNAs (50, 53) , suggesting that such an organization may be relatively common for regulated mRNAs. It will be interesting to see if the apparently unrelated RSEs of other alphaviruses such as VEEV possess a similar ability to repress deadenylation. The combination of multiple mRNA stabilizers in SINV may also contribute to the broad host range of the virus, as well as the relative overall effectiveness of a viral infection. In this regard, it is interesting that deletions of the 3Ј UTR that remove the deadenylation-repression region described here were shown by Kuhn et al. to result in a defective virus that grows very poorly in mosquito C6/36 cells (33) . Defects in the ability of the 3Ј UTR mutant virus to repress deadenylation could be at least partially responsible for these growth defects.
As shown in Fig. 7 and 8 , the interaction of a 38-kDa protein with the SINV and VEEV 3Ј UTRs is strongly associated with a repression of deadenylation. The ability to combine protein binding/competition studies with functional assays as shown here demonstrates one of the advantages of the in vitro system used in these studies. Given its relative molecular size, this 38-kDa protein could be the Aedes homolog of any number of a known cellular RNA stabilizers, including HuR (9), TIA-1/ TIAR (17), or numerous others. Alternatively, the 38-kDa protein could also be a novel cellular protein that the virus has specifically usurped to remodel the messenger ribonucleoprotein composition of its 3Ј UTR. It is important to point out that the UV cross-linking approach used in this study does not involve any purification steps. Identification of the 38-kDa protein, therefore, will require the application of affinity-based or conventional chromatographic methods.
In summary, the cellular mRNA decay machinery plays a very major role in host cell gene expression and quality control. The underlying hypothesis of this work is that viruses very likely have had to evolve a way to adapt to, and perhaps usurp, this powerful machinery. SINV and VEEV RNAs, through their 3Ј UTRs, have evolved a novel way to avoid a major mRNA decay pathway in the cell and ensure efficient translation by maintenance of their poly(A) tails. Future questions include the identification of the mechanistic basis of the repression of deadenylation, the conservation of the ability to repress deadenylation among other alphaviruses, and the characterization of the apparently unusual, deadenylation-independent pathway of mRNA decay that acts upon these viral transcripts. Answers to these questions will allow the full impact of the cellular mRNA stability system on viral gene expression and growth to be assessed.
